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In this paper, an extensive investigation of the separation process of the first two stages of a carrier rocket that
employs solid rocket motors for the lower stage is presented. As the reference vehicle, the VEGA rocket is used.
The effect of the plumes of first-stage retrorockets on upper-stage aerodynamics and aerothermal loads is
analyzed bymeans of wind-tunnel testing in the hypersonic wind tunnel H2K of DLR,GermanAerospace Center.
Aerodynamic coefficients are determined by force measurements. In addition, pressure distributions on the
upper-stage surface and schlieren images for flow visualization are recorded. Infrared thermography
measurements are conducted to determine the effect on aerothermal loads. Different flow conditions are achieved
by variation of Reynolds number, retrorocket injection pressure ratio, and angle of attack. Results showed
extensive flow separation around almost the entire upper stage by the retrorocket plumes already at low injection
pressure ratios. During angle-of-attack sweeps, sudden changes in the flow structure occurred accompanied by
strong changes in aerodynamic forces at values of α ≈2 deg. This behavior was found to be influenced by
hysteresis effects.
Nomenclature
A = reference area, m2
Cp = pressure coefficient
Cl;Cm;Cn = coefficients of roll, pitching, and yaw moments
Cx, Cy, Cz = coefficients of axial, side, and normal forces
cp, cv = specific heat capacity at constant pressure/
volume, J ⋅ kg−1 ⋅ K−1
D = reference diameter, m
J = momentum flux ratio, γjpjM2j ∕γ∞p∞M2∞ 
M = Mach number
MM;N;L = moments around y, z, and x axes, N ⋅m
_m = mass flow, kg ⋅ s−1
p = pressure, Pa
q = dynamic pressure, Pa
_q = heat flux,W ⋅m−2
R = specific gas constant for air, 287.15 J ⋅ kg−1 ⋅ K−1
Rex = local Reynolds number
Rem = unit Reynolds number, m
−1
r = recovery factor
St = Stanton number
T = temperature, K
t = time, s
X, Y, Z = forces in x, y, and z directions, N
x, y, z = Cartesian coordinates, m
α = angle of attack, deg
γ = ratio of specific heats
ε = emissivity
λ = thermal conductivity,W ⋅ s−1 ⋅ K−1
Π0;j = pressure ratio, p0;j∕p∞
ρ = density, kg ⋅m−3
Subscripts
amb = ambient
conv = convective
j = retrorocket jet
RR = retrorocket
t0 = stagnation condition
W = wall
∞ = freestream condition
I. Introduction
S OLID rocket propulsion is playing an important role in recent orfuture space access applications. Especially for carrier rockets,
several actual or proposed concepts such as Ares I [1], Liberty [2],
Super Strypi [3], Athena [4], VLM-1 [5], or VEGA [6–8] use solid
rocket motors as main engines for the first stage in sequential staged
systems, as opposed to parallel staged systems like the Space Shuttle,
Ariane, or Delta rockets, where they are employed only in boosters
mounted at the sides of the main first stage, which uses liquid
propellants.
The use of solid rocket propulsion in a sequentially staged launcher
poses additional challenges on the separation process. Because solid
rocket motors cannot be shut down in an actively controlled fashion,
sometimes separation has to take place while the engines still deliver
a considerable amount of residual thrust. Consequently, appropriate
measures have to be taken to avoid a crash scenario of the two stages.
One possibility is the so-called fire-in-the-hole or hot-stage
separation, where the lower stage is separated directly by ignition of
the upper stage’s engine [9], which, for example, is used for VLM-1
[10]. Another possibility, which is applied to VEGA [11,12] or Ares I
[1], is to use retrorockets in the lower stage to decelerate it before
ignition of the upper-stage motor. This is sketched in Fig. 1. VEGA’s
first stage has a larger diameter than the upper stage with a conical
interstage fairing, into which six retrorockets are distributed. The
upper stage of Ares I has a larger diameter than the first stage to
accommodate the crew module. Therefore, the retrorockets to
decelerate the first stage are located in the aft skirt at the
downstream end.
In both cases, the impact of the retrorockets plume on upper-stage
aerodynamics and flight stability has to be assessed. Generally,
the extent of the impact that the retrorocket plume has on upper-stage
aerodynamics depends on the thrust, which in turn is designed the
meet the safe thrust level needed to avoid a crash scenario.
Consequently, to overcome the residual thrust and achieve sufficient
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deceleration of the lower stage, retrorockets need to be comparably
strong and causemore interference to the flowfield of the upper stage.
The major difference between both cases is that, because of the
location of the retrorockets, the upper stage of VEGA is directly
affected, whereas the retrorocket plumes in the case of Ares I mostly
affect the flowfield around the first stage.
In terms of fluid mechanics, as it is indicated in Fig. 1, retrorocket
firing comes down to the case of oblique injection of a supersonic jet
opposed to a supersonic crossflow at a very high pressure ratio.
Generally, the injection of a jet into a freestream has been the subject
of numerous investigations over the past decades [13–16], also
concerning different applications such as fuel injection in a scramjet
combustor [17–19] or the use of side jets for maneuvering missiles
[20–22], and the corresponding flow topology as shown in Fig. 2 is
well understood.
However, the type of injection at the conditions regarded in this
study, with very high pressure and momentum flux ratios, has only
had very little attention, and the concurring phenomena are not well
understood. Lu and Dickmann performed a systematic numerical
study of normal injection of sonic jets with pressure ratios up to 2000
into aMach 2 crossflow [23]. The results showed strong extension of
both upstream and downstream separation around the jet orifice with
increasing pressure ratio, but the overall topology of the flowfield
remained similar to the case depicted in Fig. 2. Now, in the case
regarded in the present study, with the jet being directed against the
freestream, the basic flowfield is assumed to be similar to the case of a
jet opposing a supersonic freestream, as it was investigated by Finley
[24] and is shown in Fig. 3.
Specific to the case of stage separation examined in this study,
rather few investigations have been performed, and only little data are
available. For VEGA, Paglia et al. [11] and Genito et al. [12]
conducted computational-fluid-dynamics analysis that showed that
the vast extent of the plume during retrorocket firing can cause the
flow around the upper stage to almost completely separate and the
formation of a very complex flow pattern around the upper stage
[11,12]. Similar investigations have been performed on the Ares I
rocket [1] and with a generic conical wind-tunnel model [25]. They
also showed strong impact of the retrorocket plumes on the flowfield
around the upper stage.
To gain a better understanding of the processes taking place during
stage separation of such a launching system using retrorocket firing
and the consequences it has on the aerothermodynamics of the upper
stage, an extensive wind-tunnel campaign was conducted for a
systematic study where the VEGA rocket was used as the reference
for the geometry and the flight trajectory. To simulate the retrorocket
jets, highly pressurized air was injected at different pressure ratios.
Reynolds number and angle of attack were varied for different flow
conditions. The model was designed to be generic with different
modules for the upper stage, which allows for different types of
measurements. Thus, it is possible to determine aerodynamic
coefficients by force measurements, pressure distributions, and
aerothermal loads by infrared (IR) thermography.
II. Experimental Setup
A. Wind Tunnel and Test Conditions
The experiments have been conducted in the hypersonic wind
tunnel H2K of DLR, German Aerospace Center in Cologne. This
facility is a blowdown wind tunnel using contoured axisymmetric
nozzles for fixedMach numbers with an exit diameter of 600 mm for
Mach numbers of 5.3, 6, 7, 8.7, and 11.2 at Reynolds numbers in the
range of 2.5 ⋅ 106 < Rem < 20 ⋅ 106 m−1 [26]. Depending on the
flow condition, test durations of up to 35 s can be achieved. A sketch
of the H2K is shown in Fig. 4, and the performance map is shown
in Fig. 5.
Table 1 shows the freestream and retrorocket flow condition
present at the trajectory point of first-stage separation in real flight.
Table 2 lists the wind-tunnel flow conditionsWT 1 andWT 2 used in
the experiments. Table 3 presents the two retrorocket flow conditions
RR 1 and RR 2, which result from the use of different reservoir
pressures. In combination with each wind-tunnel condition, different
retrorocket injection pressure ratios are achieved. Condition 2 allows
M
∞
, p
∞ Mj, pj
lower stageupper stage
interface between stages
retrorocket jets
retrorocket jets 
Fig. 1 Sketch of VEGA (left) and Ares I (right, from [1]) separation mechanisms.
Barrel shock
Bow shock
Mach disk
Jet vortices
Jet
λ-shock system
and separation
Downstream
separation bubble
Reattachment
shock 
Horseshoe
vortices 
Freestream
Fig. 2 Flow topology of the injection of a sonic jet in a supersonic
freestream (from Lu and Dickmann [23]).
Fig. 3 Flowfield features of a jet opposing a supersonic freestream
(from Finley [24]).
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for direct replication of flight freestream conditions by meeting
Reynolds number similarity under consideration of the geometric
scaling factor of 1:40 of the wind-tunnel model. However,
preliminary investigations showed that the most deciding parameter
in this study is the injection pressure ratio, which was found to have a
much stronger impact on aerodynamic coefficients and the behavior
of the flowfield, especially regarding separation. Therefore, the
combination of condition WT 1 and retrorocket condition RR 1,
which allows for the pressure ratio to be maximized with a value of
Π0;j  15;000, was used for the majority of tests. As the results will
show, this assumption is valid, and the results are regarded to be
representative of the flight case also for the lower Reynolds number
condition. During some tests, the retrorocket pressure ratio was
varied to examine the changes the plume induces in the flowfield, as
the injection pressure increases. In most tests, however, the pressure
was increased to the desired pressure level as fast as possible, and
the behavior at different angles of attack was investigated. This was
done by conducting a sweep starting at α  0 deg to α  −6 deg,
then up to α  6 deg and back down to α  0 deg, at a sweep rate
of Δα  1 deg ⋅s−1. An assessment on the influence of the sweep
rate on the results was conducted as well by doubling the sweep rate
during one test run but did not have any effect. Please note that, in
Sec. IV, the full sweeps are presented, resulting in two lines for each
case. Thus, hysteresis effects are illustrated, i.e., any differences
between the two lines show that there is a difference depending on
whether the model is moved from the zero position (α  0 deg) to
either positive or negative angle or attack or back from the turning
point toward the zero position.
B. Wind-Tunnel Model
The geometry corresponds to theVEGA launcher in the scale 1:40.
The layout andmost important dimensions of the model are sketched
in Fig. 6. It is a four-stage rocket with two cylindrical sections as the
first and second stages and a hammerhead nose section containing the
payload. The hammerhead and first section are larger in diameter
than the second stage by approximately 37 and 58%, respectively.
A conical flare is used for the transition from the second to the first
stage. The stages are separated upstream of this flare, and the
retrorockets are located about in the middle of the flare. Six
retrorockets are distributed around the circumference of the flare, as
shown in Fig. 7. The retrorockets’ injection angle is 11.4 deg. For the
wind-tunnel tests, the model is split into two modules: an injection
module, which represents the first stage, and an upper-stage module
comprising the remaining three stages and the hammerhead. Both
modules are mounted to the strut. Figure 8 shows a photograph of the
experimental setup with the model mounted in the H2K test section.
III. Measurement Techniques
Three different versions of the upper-stage module are available
for different types ofmeasurements (i.e., force, pressure, and infrared
thermography measurements) to determine aerodynamic coeffi-
cients, pressure distributions, and surface heat flux distributions. The
complete upper stage is replaced each time a different type of
measurement is conducted. In addition, flowvisualization is achieved
by schlieren imagery.
A. Flow Visualization
A coincidence or two-pass schlieren optic is installed at the H2K
hypersonic wind-tunnel facility for flow visualization. To record the
images, a Photron Fastcam SA-X high-speed camera was used.
B. Measurement of Aerodynamic Coefficients
The aerodynamic coefficients are determined by force
measurements with a DLR-type six-component strain gauge. The
maximum loads and accuracies of the balance are as follows.
Forces: 1) Z  250 N, accuracy < 0.1% full scale (FS),
2)Y  100 N, accuracy < 0.1%FS, and 3)X  100 N, accuracy <
0.5% FS. Moments: 1) MM  1250 N ⋅m, accuracy < 0.1% FS,
0.5 MPa
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20 kg s-1
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Fig. 5 H2K performance map.
Table 1 Freestream and retrorocket flow conditions at staging
in real flight
Flow parameter Freestream Retrorocket flow
Mach number M∞  5.37 Mj  3.5
Stagnation pressure pt0  143.5 kPa pj  10.56 MPa
Stagnation temperature, K Tt0  1761 Tj  290
Freestream pressure p∞  178 Pa p∞;j  87 kPa
Freestream temperature, K T∞  260 T∞;j  449
Ratio of specific heats γ∞  1.4 γj  1.2
Unit Reynolds number Rem  2.5 ⋅ 105 m−1 — —
Local Reynolds number at
retrorockets
Rex  5 ⋅ 106 — —
Pressure ratio Π0;j  p0;j∕p∞  59325 — —
Fig. 4 Schematic drawing of the hypersonic wind tunnel H2K.
Table 2 Wind-tunnel flow conditions
Flow parameter WT 1 WT 2
Mach numberM∞ 5.29 0.03 5.31 0.03
Stagnation pressure pt0, kPa 300 1000
Stagnation temperature Tt0, K 390 530
Freestream pressure p∞, Pa 400 1341
Freestream temperature T∞, K 58.9 80.1
Dynamic pressure q0, kPa 7.87 26.37
Unit Reynolds number Re∞;m, 10
6 m−1 4.74 9.98
Table 3 Retrorocket flow conditions
Flow parameter RR 1 RR 2
Exit Mach numberMex;j 3.60 3.60
Stagnation pressure p0;j, MPa 6 1.8
Pressure ratio Π0;j for WT 1 15,000 4,500
Pressure ratio Π0;j for WT 2 4,500 1,342
Stagnation temperature T0;j, K 290 290
Mass flow per RR, kg ⋅ s−1 0.021 0.0063
Ratio of specific heats γj 1.4 1.4
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2) MN  500 N ⋅m, accuracy < 0.1% FS, and 3) ML  4 N ⋅m,
accuracy < 0.1% FS.
Before the test campaign, the balance was calibrated on a gauging
facility. The results are presented as force and moment coefficients
where the diameter of the cylindrical section of the upper stage was
taken as reference diameter according to
Cf 
F
q ⋅ A
(1)
for a force F and
Cm 
M
q ⋅ A ⋅D
(2)
for amomentM. To determine the accuracy of the presented force and
moment coefficients, an error analysis is conducted. Sources for
errors are the accuracies of the measurement equipment, which
(besides the balance) also includes the sensors surveying the flow
parameters of the wind-tunnel flow. To calculate the maximum
error Δmax, the accuracies of the different sensors are used for a
variation of input parameters, and an error propagation according to
Eq. (3) is conducted. In addition, the standard deviation σ of the time-
averaged measurements is calculated by Eq. (4), and both are added
to an absolute error:
Δmax 
Xn
i1
 ∂F∂xi
Δxi (3)
σ 

1
n − 1
Xn
i1
xi − x 0 0
s
(4)
The error analysis resulted in maximum errors of3.5% for force
and4% for moment coefficients. All forces and moments are given
in a body-fixed coordinate system, which is displayed in Fig. 9.
C. Pressure Measurements
The pressure measurement module contains seven static and
instationary pressure probes each, which are distributed equally
spaced in the streamwise direction along the cylindrical section of the
upper stage on opposing sides of the model. A Pressure Systems Inc.
8400 PSI system [27] for stationary and Kulite XCQ-080 pressure
transducers [28] for instationary measurements are used. Results are
presented in terms of dimensionless pressure coefficients Cp.
D. Evaluation of Wall Heat Fluxes with Infrared Thermography
To determine wall heat fluxes, the timewise development of the
surface temperature of an upper-stage module, where the main body
is made of PEEK, is recorded with two infrared cameras: an InfraTec
ImageIR 8300 [29]mounted on the top of thewind tunnel and a FLIR
Fig. 6 Basic layout and major dimensions of the wind-tunnel model.
Fig. 7 Distribution and geometry of retrorockets.
Fig. 8 Experimental setup in the H2K test chamber.
HOHN AND GÜLHAN 643
D
ow
nl
oa
de
d 
by
 D
LR
 D
EU
TS
CH
ES
 Z
EN
TR
U
M
 F
U
R 
on
 Ju
ne
 6
, 2
01
7 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/1.
A3
372
8 
Systems ThermaCam SC3000 [30] mounted inside of the wind
tunnel in an aluminum housing, as can be seen in the photograph in
Fig. 8. Thus, the model can be seen from the top, which corresponds
to the wind- and leeward sides in the case of negative and positive
angle of attack, respectively, and from the side shifted to the rear. The
cameras were calibrated in a test setup similar to the wind-tunnel
setup by a black body. The maximum errors of measured
temperatures are 2 K or 2%, whichever value is higher, for the
FLIR camera [30] and 1 K or 1% for the InfraTec camera [29].
The recorded surface temperature distribution is used as the
boundary condition for calculating the heat fluxes to the sidewall by
evaluating the thermal energy balance of a solid volume:
ρT ⋅ cT ∂T
∂t
 ∇λT∇T (5)
Assuming that lateral heat fluxes can be neglected due to the very
low heat conductivity of PEEK and accounting for temperature-
dependent material properties, this transforms into the nonlinear one-
dimensional heat equation normal to the wall:
∂T
∂n
 aT ⋅ ∂
2T
∂n2
 bT ⋅

∂T
∂n

2
(6)
with the thermal diffusivity
aT  λT
ρT ⋅ cT (7)
and
bT  dλT∕dT
ρT ⋅ cT (8)
Equation (6) is then solved by an explicit finite difference scheme to
calculate the temperature gradient in the normal direction inside the
wall. From this, thewall heat flux can be calculated by the Fourier law:
_qW  Ty0 ⋅
dT
dy

y0
(9)
The convective heat flux can then be calculated from the heat flux
balance on the surface:
_qconv  _qrad  _qW (10)
where the radiative heat flux is calculated with the Stefan–Boltzmann
law:
_qrad  ε ⋅ σ ⋅ T4y0 − T4amb (11)
assuming that the ambient temperature stays constant during the tests.
A more detailed description of the evaluation method is given by
Henckels andGruhn [31]. Once the convective heat flux _qconv has been
determined, the dimensionless Stanton number can be determined by
Eq. (12), with the recovery temperature Trec calculated by Eq. (13):
St  _qconv
ρ∞ ⋅ u∞ ⋅ cp;air ⋅ Trec − Tw
(12)
Trec 

1 r γ − 1
2
⋅M2∞

⋅ T∞ (13)
Because of the sensitivity of the Stanton number when the wall
temperature is close to the recovery temperature (when the
denominator approaches zero), and to allow for a better comparability
of the results from different investigations, a recovery factor of r  1
for the Stanton number was used, as it is suggested by [32]. The
accuracy of the results based on an assessment with variation of input
quantities and linear error propagation, as it was also done for the force
andmoment coefficients, is estimated to bewithin5% for calculated
heat fluxes and20% for the Stanton number.
IV. Results
A. Cases Without Injection
1. Reynolds Number Influence
Lower Reynolds numbers generally result in thicker boundary
layers that are more likely to separate. Furthermore, the boundary
layer for conditionWT 1 is likely to be laminar, whereas transition to
turbulent boundary layer is expected to occur for condition WT 2 on
the upper-stage surface. These assumptions are confirmed by the
schlieren photographs for both wind-tunnel conditions in Fig. 10 and
the Stanton number distribution in Fig. 11.
The flow on the flare of the hammerhead separates just
downstream of the expansion corner for both conditions, as the
separation shocks and the decrease in Stanton number on the flare
clearly indicate. Although the extent of the separation cannot be
determined for condition WT 1, the whole structure of the separated
area (i.e., the boundary of the separation zone), the reattachment
point, and shock are clearly visible for condition WT 2. However,
also for condition WT 1, the flow has to reattach at some point
because a second separation zone exists upstream of the first-stage
flare, which reaches up to the expansion corner at the end of the flare
and extends upstream to about the center of the cylindrical section of
the upper stage. The decrease in Stanton number in this area that is
visible in Fig. 11 is also caused by the separation. The increase toward
the downstream end, however, is assumed to be induced by part of the
recirculating flow of the separation bubble entering the cavity in
between the two stages. For condition WT 2, no separation is
observed at the flare of the first stage, but a strong compression shock
is induced by the flare. The increase of Stanton number in the
downstream half of the upper stage indicates that transition is
occurring.
2. Behavior at Angle of Attack
Schlieren images for both wind-tunnel conditions and α  5 deg
are displayed in Fig. 12. These were recorded during an α sweep as
described in Sec. II. At this angle, the differences in the flow structure
of both Reynolds numbers are rather small. Especially on the
windward side, they look nearly identical because there is no
separation, but there is expansion at the start of the hammerhead flare
and rather strong compression shocks at the beginning of the
cylindrical part of the upper stage and the first-stage flare. However,
the behavior while changing the angle is slightly different. Although
for condition WT 1 the separation bubbles simply diminish, for the
higher Reynolds number of condition WT 2, a separation zone at the
first-stage flare, where there was no separation for α  0 deg,
appears for condition WT 2 at α ≈ 1 deg and quickly disappears
again when α is further increased. This behavior is not influenced by
hysteresis. As the model is shifted back to α  0 deg from the
Y
L
Z
X N
M
Fig. 9 Coordinate system for force measurements.
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turning points at α  6 deg, these separation bubbles appear again
around α  1 deg and disappear at α  0 deg.
On the leeward side, when the angle of attack is increased, the
separation zones for condition WT 1 become bigger until they
connect so that the flow is completely separated at this side. For the
higher Reynolds number of condition WT 2, the separation zone at
the hammerhead flare becomes larger, and a second separation zone
appears upstream of the lower stage. The structures of theses
separation zones (i.e., the separation and reattachment points) are
well visible in Fig. 12.
The differences in the way the flow structure changes on the
windward side are responsible for the deviations in the curves of
aerodynamic coefficients shown in Fig. 13. Note that, as it was
mentioned before, the complete α sweep is presented, and therefore
there are two lines for each condition to show whether any hysteresis
effects are present. As the graphs illustrate, this is not the case for the
noninjection cases.
The drag of the vehicle, which corresponds to the negative axial
force coefficient −Cx, increases quite steadily and symmetrically
with both positive and negative angle of attack, as it would be
expected. The normal force, as it would be expected, shows a steady,
nearly linear decrease when going from negative to positive angle of
attack.
For the higher Reynolds number, however, the build-up and
diminishing of the separation bubbles at the lower-stage flare causes a
decrease in drag when the model is shifted from α  0 deg to either
positive or negative angle of attack, until about α  1 deg. After
that, it increases again. However, the increase is less steep, and the
values at the maximum angles of α  6 deg are smaller. These
changes also result in differences in the curves of the axial force. They
also are quite steady and show a nearly linear increase from negative
to positive angle like it is the case for the lowReynolds number. In the
region of −1 < α < 1 deg, however, the gradients for the higher
Reynolds number are higher, but then a region follows up to
Fig. 11 Stanton number distributions for condition WT 1 (left) and condition WT 2 (right) without injection.
Rem = 10·106 m-1
Rem = 5·106 m-1
expansion
waves
separation zone
reattachment
on the flare
separation shock
bow shock
separation shock
reattachment shock
no separation,
compression
shock from flare
separation zone
reattachment point
Fig. 10 Schlieren images for low (top) and high (bottom) Reynolds number conditions without injection.
strong compression shocks
no separation
large separation
weak or no shocks
no reattachment
separation and reattachment
strong compression
no separation
Rem = 10·106 m
-1Rem = 5·106 m-1
Fig. 12 Schlieren images for low (left) and high (right) Reynolds number conditions and α  −5 deg.
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α  3 deg where the gradients are lower. At this point, the values
for both Reynolds numbers are almost equal. From this point, the
curves for the higher Reynolds number are a bit steeper.
The angle of attack influence on the Stanton number distribution is
displayed in Fig. 14 for conditionWT1. The streakwith high Stanton
number along the centerline of the leeward side indicates the
formation of a pair of counter-rotating vortices by the flow circulating
around the cylindrical part, which causes strong heating in this area.
Apart from this, the Stanton number on the leeward side is lower than
for α  0 deg because of the flow separation. Because of the
expansion on the flare, and (on the leeward side) because of
the separation, the Stanton number decreases on both sides. At the
windward side of the cylindrical section, the Stanton number is much
higher due to the heating of the surface by the oncoming flow.
B. Cases with Retrorocket Injection
1. Influence of Injection Pressure Ratio
Figure 15 shows the flowfield for conditionWT 1without angle of
attack and different injection pressure ratios. In both cases, the
retrorocket jets cause the flow around the upper stage to almost
completely separate. The separation extends far upstream up to the
point where the ogive of the hammerhead transitions into the
cylindrical part. In case of the higher pressure ratio, the lateral extent
Fig. 13 Coefficients of axial (left) and normal (right) forces for cases without retrorocket injection.
Fig. 14 Stanton number distributions for condition WT 1 with Rem  5 ⋅ 106 m−1 and α  5 deg.
edge of
separation bubble
interaction of separation and
vehicle bow shock
interaction of bow
shock and boundary
of separation bubble
vehicle bow shock steepened 
by separation bubbleΠ0,j ≈ 4,500
Π0,j ≈ 15,000
boundaries of  
retrorocket jet
Mach disc
separation shock
Fig. 15 Schlieren image of the flowfield for condition WT 1, α  0 deg, and different injection pressure ratios.
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of the separation bubble is much greater, with its edge being close to
the vehicle bow shock and interactingwith it.When the pressure ratio
is increased during the test run, at certain points, sudden changes in
the flow structure occur, at which the separation becomes
significantly larger, and the angle of the bow shock gets steeper.
When this happens, the structure of the retrorocket jets changes as
well. The jets detachmore from the upper-stage surface and theMach
disc marking its end moves farther upstream. Also, the region where
the Mach disc interacts with the vehicle surface protrudes upstream.
Figure 16 shows the Stanton number distributions of these two
cases. These images give a clearer image of how the retrorocket jets
interact with vehicle surface, where the jets cause an upstream flow
along the upper stage. Because the retrorocket flow is very cold due to
the expansion in the nozzle, with the static temperature around
Tex;j  81 K in the nozzle exit plane and dropping even further by
after-nozzle expansion, the surface temperature drops significantly at
the points where the jets hit the upper-stage surface. This is indicated
by the three spots with lower Stanton number directly upstream of the
flare. Furthermore, the interaction of the jets with each other seems to
induce vortices, which in turn cause more of the cold jet flow to be
transported toward the surface and generate a further two cold spots
in between the jets a bit farther upstream. It is to be expected that, in
real flight, where the injection gases are very hot, corresponding hot
spots will be created. The structure is similar for both pressure ratios,
although the patterns are more distinct for the higher pressure ratio
and the temperature drop and corresponding decrease in Stanton
number in the areas, where the retrorocket jets interact with the
surface is much greater. Apparently, this is due to the interaction
between the jets being much stronger.
With the higher pressure ratio, this area also has a clear boundary
that corresponds to the schlieren images (i.e., the point at which the
Mach disc interactswith the surface). Outside of this area, the Stanton
number is rather constant, except for the regions close to the
boundaries, which exhibit higher values. This is presumably caused
by warmer flow that is led around the boundaries of the retrorocket
jets onto the upper-stage surface. For the lower injection pressure
ratio, this interaction zone is not restricted to the area close to the
retrorockets. A further V-shaped area with lower Stanton number is
induced farther upstream.
The pressure distributions for wind-tunnel condition WT 1 and
injection pressure ratios of Π0;j  4500 and 15,000 are shown in
Fig. 17. As a reference, the case without retrorocket injection is
included as well. The pressure along the centerline of both the top
(solid lines) and the side (dashed lines) is displayed. If the
retrorockets are off, the pressure drops on the expansion surface of
the aft flare of the hammerhead to values lower than the freestream
static pressure. Over the length of the cylindrical section, as it would
be expected, it increases nearly linearly and is almost equal to the
freestream pressure at the most downstream pressure port. Naturally,
for this case, there is no difference in the pressure distribution at the
top and the side of the model.
It is interesting to note that, when the retrorockets are switched on
to a low injection pressure ratio of Π0;j  4500, the pressure at the
upper stage’s downstream end (i.e., the pressure port that is closest to
the retrorockets) drops, both at the top and the side. At the top of the
model, the pressure increases quite steadily the farther you go
upstream. At the side, the pressure jumps to a rather high value at
the second pressure port, then drops again, and from the third
pressure port upstream, there also is very steady but more moderate
pressure rise than at the top. The maximum value that is reached is
considerably lower and roughly equal to the one at the second
pressure port. Overall, for Π0;j  4500, the retrorocket plumes’
effect on thewall pressure is greater the farther you go upstream, with
the highest values reached at themost upstream pressure port for both
the top and the side. At the second pressure port from the downstream
end, where the strong increase in pressure was observed on the top of
the model, there is also a significant difference between the top and
the side, whereas after the drop from the second to the third pressure
port at the top, there is almost no difference in the center section of the
upper stage. Going farther upstream from the middle pressure port,
there are higher pressure gradients and consequently an increasingly
higher pressure at the side of the model.
If the injection pressure is further increased to Π0;j  15;000, the
pressure at the downstream end at the side, which lies directly
upstream of the retrorockets, only slightly increases and is equal to
the noninjection case. Moving upstream, a strong pressure rise is
recorded, which gradually becomes weaker, and from the central
pressure port up to the hammerhead, it is nearly constantwith actually
Fig. 16 Stanton number distributions for condition WT 1 and different injection pressure ratios.
Fig. 17 Pressure distribution on upper-stage surface for different injection pressure ratios.
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a slight decrease toward the upstream end. At the top of the model,
the pressure close to the retrorockets shows a much stronger pressure
rise when the injection pressure is increased. Going upstream then,
there is only a rather small increase up to the third pressure port.At the
side, however, there is a rather strong increase in this area, which
leads to the values at the third pressure port already being quite
similar to the one at the top. Moving farther upstream, there is just a
slight further pressure rise at the side, but apart from this, the values
are rather constant, with just someminor changes, and are at the same
level both at the top and the side.
2. Reynolds Number Influence
Figure 18 shows a schlieren image and Fig. 19 the Stanton number
distribution for condition WT 2 with the higher Reynolds number of
Rem  10 ⋅ 106 m−1 and retrorocket condition RR 1, resulting
in Π0;j ≈ 4500. There are no significant differences in the flow
topology when compared to the casewith the same pressure ratio and
Rem  5 ⋅ 106 m−1 (the upper half of Fig. 15). The extent of the
separation and the shape of the plume are very similar. Furthermore,
the Stanton number shows comparable features with several cold
spots directly upstream of the retrorockets and a V-shaped structure
farther upstream. Quantitatively, however, the values of the Stanton
number on the surface only vary in a much smaller range (i.e., the
Stanton number in the areas that are affected by the interaction of
the retrorocket plumes with the surface is significantly higher than in
the case with the lower Reynolds number, and in the remaining parts,
it is considerably higher).
3. Angle of Attack
The angle of attack was found to have a severe influence on the
flowfield and the aerodynamic coefficients. Generally, when an angle
of attack is applied, the vehicle bow shock on the windward side
moves closer to the surface, squeezing the separation bubble while it
expands laterally on the leeward side. However, for the configuration
that is investigated, these changes do not occur steadily but exhibit
sudden changes in the flow structure, resulting in jumps in the
aerodynamic coefficients. The occurrence of these phenomena is
influenced by hysteresis effects. This can be seen in Fig. 20, which
shows schlieren images for different angles of attack during the first
leg of an α sweep as described in Sec. II (i.e., when the model is
moved fromα  0 deg toα  −6 deg) and in the curves of the axial
and normal force coefficients for the separate parts of theα sweep that
are displayed in Fig. 21.
In the range of−2 deg > α > −2.5 deg, interactions between the
vehicle bow shock and the edge of the separation bubble can be noted.
These result in the vehicle bow shock jumping closer to the surface on
the windward side and the retrorocket plume on the leeward side to
not detach from the upper-stage surface any more.
These changes in the flow structure cause the normal force, which
first drops when the model is moved out of its zero position toward
negative angle of attack, to suddenly jump to a positive value,
meaning a direction change of this force. In real flight, the normal
force acts like a side force on the launcher. A sudden change in the
direction of this force could have severe impact on its flight stability.
The vehicle drag (i.e., the axial force coefficient) is not influenced at
all by the angle of attack, however.
boundaries of jet
Mach disc
separation shock
edge of separation bubble
interaction of separation and vehicle
bow shock
Fig. 18 Schlieren image for Rem  10 ⋅ 106 m−1 and Π0;j  4500.
Fig. 19 Stanton number distribution for Rem  10 ⋅ 106 m−1 and
Π0;j  4500.
α = 0°
α = -5°
α = -2°
α = -2.5°
Interaction between vehicle bow shock 
and edge of separation bubble  
vehicle bow shock becomes 
steeper on luv side  
Retrorocket jet more 
attached to the surface
Fig. 20 Schlieren images for condition WT 1 with Π0;j  15;000 and different angles of attack.
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As already mentioned, this effect is subject to hysteresis because
the points at which these sudden changes occur are different,
depending on whether the model is moved out of its zero position or
back toward it. However, the behavior is nearly symmetric, meaning
that these changes occur at similar values for negative and positive
angles. It is also very well repeatable and hardly influenced by the
sweep rate. For the normal force coefficients in Fig. 21, a test runwith
doubled sweep rate is included as well. Only for positive angles of
attack, the points where the sudden changes occur show some minor
deviations, with the changes occurring a bit sooner at the higher
sweep rate. For negative angles, they agree very well. Apart from
these jumps, the flowfield is very stable and only changes steadily
with the angle of attack, and the curves of Cz are linear.
The characteristics of the wall pressure at different pressure ports
displayed in Fig. 22 give a bit more insight regarding the areas where
these strong changes occur. The curves in the graphs show the most
upstream pressure ports (pst 1), the one in the middle (pst 4), and the
most downstream location (pst 7),which is closest to the retrorockets.
It shows that the strong change of the normal force at α ≈ −2 deg on
the first leg is caused by a pressure drop at the downstream end on the
top (i.e., thewindward side). This is remarkable because the schlieren
images did not show significant changes of the jet plume on the
windward but on the leeward side. The pressure at the measurement
point in the middle is only moderately affected and decreases
quite linearly with both positive and negative angle of attack. At the
upstream end, the pressure remains fairly constant for all angles. The
same is true for the upstream end at the side of the model but also for
the most downstream location, which is not surprising because
Fig. 17 already showed that the pressure at the tab closest to the
retrorockets is hardly affected by the injection. In the middle section
of the upper stage, a rather linear pressure dropwith both positive and
negative angles is present. It is similar to the one at the top but a bit
more distinct. Although the pressure is equal on the top and the side
for α  0 deg, it is considerably lower for the maximum angles.
4. Influence of Injection Pressure Ratio and Reynolds Number During
α Sweep
The impact that the injection pressure ratio and the Reynolds
number have on the aerodynamic coefficients during an angle-of-
Fig. 21 Axial (left) and normal (right) force coefficients for condition WT 1 with Π0;j  15;000 and different angles of attack.
Fig. 22 Characteristics of variouswall pressureports on the top (left) and side (right) of themodel for conditionWT1andΠ0;j  15;000duringanangle-
of-attack sweep.
Fig. 23 Coefficients of axial (left) and normal (right) forces for different conditions.
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attack sweep can be seen in Fig. 23. Again, the influence of hysteresis
is demonstrated by including the complete α sweep. Those parts of
the sweep where the model is moved out of its zero position toward
α  6 deg are shown by solid lines, whereas the movement back
to the zero position from the turning points is shown by dashed lines.
The cases without injection are included as a reference. The drag is
decreased by the retrorocket injection. Not only does the separation
around the upper stage reduce skin friction drag by the freestream, but
the plume actually creates a positive axial force on the upper stage
by skin friction of the upstream flow inside the separation and by
pushing against the flare of the hammerhead and the base plate by
flow entering the cavity in between the two stages. For equal pressure
ratios (i.e., Π0;j  4500), the difference between the two Reynolds
numbers is almost the same as in the case without injection. For both
cases, a slight increase in drag at both positive and negative angle of
attack is noted, as opposed to the case with higher pressure ratio,
where it remains constant for all angles.
Generally, for both Reynolds numbers, the variation of the normal
force at the lower pressure ratio ofΠ0;j  4500with the angle of attack
is less than without injection and still rather linear. However, the
behavior of the flowfieldwith the lower pressure ratio ismuch less stable
for both Reynolds numbers. There are no distinct points with strong
changes of the flow topology and the aerodynamic coefficients, yet the
curvesarenot as steadyandcontinuous as for the caseswithout injection.
Especially in the region around α  2 deg, there are frequent small
fluctuations in the flowfield and corresponding effects on the normal
force, and for the condition with higher Reynolds number, there are
distinct changes at the turning points resulting in hysteresis effects. This
indicates that, for the higher Reynolds number condition, an increase of
the injection pressure ratio to higher levels might result in the same
behavior with sudden changes of the flowfield, strong hysteresis effects,
and significant impact on aerodynamic coefficients.
Overall, the results show that the influence of theReynolds number
on the flowfield and aerodynamic coefficients is fairly small, and thus
the results for the lower Reynolds number are also assumed to be
representative of the flight case. The much more influencing factor
regarding the retrorockets’ impact on the upper stage’s flowfield and
aerodynamic forces is the injection pressure ratio.
V. Conclusions
An extensive wind-tunnel campaign was carried out to investigate
the effect that the plumes of retrorockets have on the
aerothermodynamics of the upper stage of a sequential staged
launcher during the separation process. The investigation showed
that the plumes of the retrorockets cause significant disturbances in
the flowfield surrounding the upper stage, strongly influence the
thermal loads on the upper-stage surface, and can have severe impact
on their aerodynamics and flight dynamics.
Already at low injection pressure ratios, the flowfield separated
almost completely. Although no significant impact of the variation of
the injection pressure ratio on the flow topology was observed in
schlieren images, it still had strong influence on the aerodynamic
forces. The Reynolds number was not found to have a considerable
effect on the flowfield when retrorocket injection was present.
Aerodynamic forces were found to show strong dependency on the
angleof attackwhen retrorocketswere ignitedbecause suddenchanges
of the flow topology occurred at certain angles, which were
accompanied by corresponding changes in the normal force. At high
injection pressure ratios, thesewere so large that the side aerodynamic
force acting on the upper stage changed its direction. This might be
problematic regarding the stability of the upper stage in real flight.
Acknowledgments
The authors would like to thank for the funding this work as part of
the European Space Agency (ESA) Technical Research Programme
“Launcher Stage Separation and Plume Interaction Validation”, with
NeilMurray as the ESAproject officer. Further thanks go to thewind-
tunnel team Michael Kosbow, Marco Schmors, and Manuel Schorn
for the conduction of the experiments.
References
[1] Pamadi, B., Pei, J., Pinier, J. T., Holland, S.D., Covell, P. F., andKlopfer,
G. H., “Aerodynamic Analyses and Database Development for Ares I
Vehicle First-Stage Separation,” Journal of Spacecraft and Rockets,
Vol. 49, No. 5, Sept. 2012, pp. 864–874.
doi:10.2514/1.A32247
[2] Seedhouse, E., SpaceX — Making Commercial Spaceflight a Reality,
Springer, New York, 2013, pp. 129–133.
[3] Jones, J. E., Kibbey, T. P., Cobb, C. B., and Harris, L. L., “Enabling
Affordable, Dedicated Access to Space Through Aggressive Technology
Maturation,” Proceedings of the 4th Space Propulsion Conference, 3AF
Association Aéronautique Astronautique de France, Paris, France, 2014,
https://ntrs.nasa.gov/search.jsp?R=20140011071&hterms=ENABLING
+AFFORDABLE+DEDICATED+ACCESS+SPACE+THROUGH&qs=
N%3D0%26Ntk%3DAll%26Ntt%3DENABLING%2520AFFORDABLE
%252C%2520DEDICATED%2520ACCESS%2520to%2520SPACE%25
20THROUGH%26Ntx%3Dmode%2520matchallpartial%26Nm%3D1
23%7CCollection%7CNASA%2520STI%7C%7C17%7CCollection%
7CNACA.
[4] Hopkins, J., and Werthmann, K., “Athena: Demonstrated Benefits of
Combining Solid and Liquid Propulsion in Small ELVs,” 37th AIAA/
ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, AIAA
Paper 2001-3926, July 2001.
doi:10.2514/6.2001-3926
[5] Fulindi, J. B., da Costa, L. E. L., Jeronymo, A. C. D. I., de Carvalho,
T. H. M., and Ettl, J., “The VLM-1 Launch System Concept,”
Proceedings of the 63rd International Astronautical Congress, IAF
International Astronautical Federation IAC-12-D2.7.10 x 15372, Paris,
France, 2012.
[6] Caporicci,M., andRossi,M., “Vega:AEuropeanSmall Launcher,” 35th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, AIAA
Paper 1999-2765, June 1999.
doi:10.2514/6.1999-2765
[7] Bianchi, S., “VEGA, The European Small Launcher: Development
Status, Future Perspectives, and Applications,” Acta Astronautica,
Vol. 63, Nos. 1–4, 2008, pp. 416–427.
doi:10.1016/j.actaastro.2007.12.058
[8] Giliberti, F., Betti, F., Milana, C., Reviews, G. Q., and Division, S.,
“Vega Solid Rocket Motors Development and Qualification,” 46th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, AIAA
Paper 2010-7084, July 2010.
[9] Mitchell, D. H., “NASA Space Vehicle Design Criteria: Flight
SeparationMechanisms,”NASA SP-8056, Oct. 1970, https://ntrs.nasa.
gov/archive/nasa/casi.ntrs.nasa.gov/19710019510.pdf.
[10] Li, Y., Reimann, B., and Eggers, T., “Numerical Investigations on the
Aerodynamics of SHEFEX-III Launcher,” Acta Astronautica, Vol. 97,
April–May 2014, pp. 99–108.
doi:10.1016/j.actaastro.2014.01.006
[11] Paglia, F., Pizzicaroli, A., Lambiase, E., Contini, C., Dumaz, C., Stella,
F., Giangi, M., and Barbagallo, D., “Vega Launcher Aerodynamics at
Separation of 1st Stage,” 43rd AIAA/ASME/SAE/ASEEJoint Propulsion
Conference & Exhibit, AIAA Paper 2007-5859, July 2007.
[12] Genito, M., Paglia, F., Mogavero, A., and Barbagallo, D., “1st Stage
Separation Aerodynamics of VEGA Launcher,” Proceedings of the 7th
European Symposium on Aerothermodynamics for Space Vehicles
[CD-ROM], ESAEuropean Space Agency ESA-SP-692, Paris, France,
2011.
[13] Goebel, S. G., Dutton, J. C., Krier, H., and Renie, J. P., “Mean and
Turbulent Velocity Measurements of Supersonic Mixing Layers,”
Experiments in Fluids, Vol. 8, No. 5, 1990, pp. 263–272.
doi:10.1007/BF00187228
[14] Gruber, M. R., Nejad, A. S., and Dutton, J. C., “An Experimental
Investigation of Transverse Injection from Circular and Elliptical
Nozzles into a Supersonic Crossflow,” Wright Lab. TR-96-2102,
Wright–Patterson Air Force Base, OH, 1996.
[15] Ben-Yakar, A.,Mungal,M.G., andHanson, R.K., “TimeEvolution and
Mixing Characteristics of Hydrogen and Ethylene Transverse Jets in
Supersonic Crossflows,” Physics of Fluids, Vol. 18, No. 2, 2006,
Paper 026101.
doi:10.1063/1.2139684
[16] Smith, S. H., and Mungal, M. G., “Mixing, Structure and Scaling of the
Jet in Crossflow,” Journal of Fluid Mechanics, Vol. 357, Feb. 1998,
pp. 83–122.
doi:10.1017/S0022112097007891
[17] Heiser, W. H., and Pratt, D. T., Hypersonic Airbreathing Propulsion,
AIAA Education Series, AIAA, Washington, D.C., 1994, pp. 280–312.
[18] Drummond, J. P., Glenn, S. D., and Cutler, A. D., “Fuel-Air Mixing and
Combustion in Scramjets,” 38th AIAA/ASME/SAE/ASEE Joint
650 HOHN AND GÜLHAN
D
ow
nl
oa
de
d 
by
 D
LR
 D
EU
TS
CH
ES
 Z
EN
TR
U
M
 F
U
R 
on
 Ju
ne
 6
, 2
01
7 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/1.
A3
372
8 
Propulsion Conference & Exhibit, AIAA Paper 2002-3878, July 2002,
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20020091888.pdf.
[19] Young, G., Balar, R., Gupta, A. K., and Yu, K. H., “Characterization of
Scramjet Combustor with Transverse Fuel Injection,” 44th AIAA
Aerospace Sciences Meeting and Exhibit, AIAA Paper 2006-1377,
Jan. 2006.
[20] Gülhan, A., Schütte, G., and Stahl, B., “Experimental Study on
Aerothermal Heating Caused by Jet-Hypersonic Crossflow Interaction,”
Journal of Spacecraft andRockets,Vol. 45,No. 5,Sept. 2008, pp. 891–899.
doi:10.2514/1.35899
[21] Stahl, B., Emunds, H., and Gülhan, A., “Experimental Investigation of
Hot and Cold Side Jet Interaction with a Supersonic Cross-Flow,”
Aerospace Science and Technology, Vol. 13, No. 8, Dec. 2009,
pp. 488–496.
doi:10.1016/j.ast.2009.08.002
[22] Champigny, P., and Lacau, R. G., “Lateral Jet Control for Tactical
Missiles,” Special Course on Missile Aerodanymics, Advisory Group
for Aerospace Research & Development, FDP-VKI Special Course,
Rept. AGARD-R-804, Neilly-sur-Saine, France, 1994, pp. 1–57, http://
www.abbottaerospace.com/wpdm-package/agard-r-804.
[23] Lu, F. K., andDickmann,D.A., “Topology of Supersonic Jet Interaction
Flowfields at High Pressure Ratios,” Proceedings of the 13th
International Symposium on Flow Visualization, UFC/FEMTO, Paris,
France, July 2008.
[24] Finley, P. J., “The Flow of a Jet from a BodyOpposing a Supersonic Free
Stream,” Journal of Fluid Mechanics, Vol. 26, No. 2, 1966, pp. 337–368.
doi:10.1017/S0022112066001277
[25] Zhao, X., Qian, H., Yan, B., and Zhang, W., “Aerodynamic Researches
on Stage Separation with Two Reversal Asymmetric Jets,” 17th AIAA
International Space Planes and Hypersonic Systems and Technologies
Conference, AIAA Paper 2011-2322, April 2011.
[26] Niezgodka, F.-J., “Der Hyperschallwindkanal H2K des DLR in
Köln-Porz (Stand 2000),” DLR, German Aerospace Center, Rept.
2001-01, Cologne, Germany, 2001.
[27] Pressure Systems 8400 Users Manual, Pressure Systems, 1991.
[28] “Kulite XCQ-080 Series Miniature Pressure Transducer,”
Datasheet, Kulite Semiconductor Products, Inc., Leonia, NJ, 2012,
http://www.kulite.com/docs/products/XCQ-080.pdf.
[29] “InfraTec ImageIR 8300 Data Sheet,” InfraTec GmbH, Dresden,
Germany, 2014, http://www.infratec-infrared.com/fileadmin/
downloads/pdf/ImageIR/InfraTec-ImageIR-b-EN-mail.pdf.
[30] ThermaCamSC-3000UsersManual, FLIR Systems, Portland, OR, 1999,
p. 37, http://support.flir.com/DocDownload/Assets/dl/557379$a.pdf.
[31] Henckels, A., and Gruhn, P., “Study on Aerothermal Effects of Viscous
Shock Interaction in Hypersonic Inlets,” Proceedings of the 5th
EuropeanSymposiumonAerothermodynamics for SpaceVehicles [CD-
ROM], ESA European Space Agency ESA-SP-563, Paris, France,
2005.
[32] Abrall, R., Desideri, J.-A., Glowinski, R., Mallet, M., and Periaux, J.,
Proceedings of the INRIA-GAMNI/SMAI Workshop on Hypersonic
Flows for Reentry Problems, Part 2, Springer, Berlin, 1993, p. 5.
K. T. Edquist
Associate Editor
HOHN AND GÜLHAN 651
D
ow
nl
oa
de
d 
by
 D
LR
 D
EU
TS
CH
ES
 Z
EN
TR
U
M
 F
U
R 
on
 Ju
ne
 6
, 2
01
7 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/1.
A3
372
8 
